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ARTICLE INFO ABSTRACT

Keywords: This work is the first of its kind to report a whole-year and coastal-wide surveillance of antimicrobial resistance

Blue mussels (AMR) of Escherichia coli with samples from the EU imposed Norwegian surveillance programme for marine

SOysltlers bivalves. In total, 390 bivalve samples collected from January to December in 2016 at 59 different harvest lo-
callops

cations, were examined. The occurrence of resistant E. coli in relation to the concentration of E. coli was also
Bivalve production analysed. From each sample with E. coli (n = 261), one isolate was susceptibility tested against a panel of 14
Food safety antimicrobials from ten classes. The occurrence of resistance to at least one antimicrobial was 8.4 %. Resistance
ST131 to tetracycline was most commonly detected (5.7 %), followed by resistance to ampicillin (4.6 %) and sulfa-
methoxazole (3.1 %). The occurrence of extended spectrum cephalosporin (ESC)-resistant E. coli, quinolone-
resistant E. coli (QREC) and carbapenem-resistant Enterobacteriaceae (CRE) were detected through selective
screening in 3.3 %, 12.8 % and none of the samples, respectively. Among the ESC-resistant E. coli, the blacrx-m.15
gene was detected in nine isolates, where two isolates also carried the blacyy.42 gene, followed by blacrx.m.3 in
two and blacrx-m.1 in one. One isolate was resistant to ESC due to the n.-42C>T mutation in the AmpC gene. Only
the presence of QREC clustered significantly (p < 0.013) in space including nine harvest locations. An increased
risk (OR 9.4) of detecting ESC-resistant E. coli or QREC was found for samples with E. coli concentrations above
the threshold of Class A for direct distribution to the market (i.e. 230 E. coli/100 g). However, five of the ESC-
resistant E. coli and 26 of the QREC positive samples, had levels of E. coli below the threshold, thus from areas
cleared for sale. Among the 17 ESC-resistant E. coli subjected to whole genome sequencing, two originated from
two samples of great scallops and two samples of flat oysters, which are often consumed raw or lightly processed.
One of these isolates belonged to the high-risk clone sequence type 131 and carried a plasmid born senB gene
encoding the Shigella enterotoxin 2 (ShET2) attributed to cause watery diarrhoea in infections caused by
Enteroinvasive E. coli (EIEC). Thus, our study shows that there is a potential risk for transmission of resistant and
pathogenic E. coli to the consumers from these products.

Faecal indicator

1. Introduction

Antimicrobial resistance (AMR) is one of the main global health
related challenges, and treatment failure of previously treatable in-
fections are increasingly reported (WHO, 2022). Resistant bacteria may
be transmitted to humans through multiple routes, from human carriers
(Ulstad et al., 2016), from wild, farmed or pet animals (Nielsen et al.,
2018), by international travel (Kennedy and Collignon, 2010; Peng
et al., 2021), and through the food chain (Canica et al., 2019). A One
Health approach focus on the nexus of these compartments, and the role
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of the environmental dimension is becoming more important (Bengts-
son-Palme et al., 2018; European Food Safety Authority, 2021; Huijbers
et al., 2015; Larsson et al., 2018). This includes the links between
terrestrial and marine environments, and seafood (Elbashir et al., 2018;
Grevskott et al., 2017; Taylor et al., 2011). Even though antimicrobial
resistant bacteria do exist among the indigenous marine microbiota, as
reported for several Vibrio sp. (Hakonsholm et al., 2020), the trans-
mission of antimicrobial resistant bacteria from terrestrial sources, such
as sewage discharge, sewer overflows and runoffs from streets and
farmyards, are of high concern for seafood safety.
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Being suspension feeders clearing on average 70 | of water per day
retaining particles with viruses and bacteria attached (Cranford et al.,
2011), marine bivalves are often suspected for being the transmitting
vehicle in foodborne outbreaks (Potasman et al., 2002). Furthermore,
recent reviews have identified such bivalves as microbial ticking bombs
(Kijewska et al., 2023) with high prevalence risk of carrying antimi-
crobial resistant bacteria (Albini et al., 2022). Colistin-resistant bacteria
have been reported from clams and scampi (Slettemeds et al., 2017,
Valdez et al., 2022), carbapenem-resistant bacteria from shrimps and
squids (Mangat et al., 2016; Morrison and Rubin, 2015), and bacteria
resistant to extended spectrum cephalosporins (ESC) from fish and clams
(Dib et al., 2018; Roschanski et al., 2017; Vignaroli et al., 2016). All
examples of resistance of importance in human medicine and thereby
occurrence of these in marine bivalves pose a possible health threat to
consumers.

To ensure food safety, the EU legislation impose a surveillance pro-
gramme for live bivalve molluscs where Escherichia coli is used as an
indicator organism for faecal contamination (Furopean Commission,
2019). All areas used for bivalve production or harvest have to be
routinely tested by standardized methods (ISO 16649-3, 2005). Ac-
cording to the level of E. coli in a minimum of ten batch samples of bi-
valves collected over a whole year, the harvest locations are classified
into three classes. Class A areas have 80 % of the bivalve samples below
230 E. coli/100 g and no samples over 700 E. coli/100 g. Bivalves from
Class A areas can be used directly for human consumption without
depuration, whereas the industry often practice some level of depu-
ration regardless of classification. Class B areas have 90 % of the bivalve
samples below 4600 E. coli/100 g and the remaining 10 % below 46,000
E. coli/100 g. Bivalves from these areas must be set for depuration in
clean water or in a Class A area, or sufficiently heat treated before
introduced to the market. In Class C areas, the bivalves must not exceed
46,000 E. coli/100 g, and bivalves from these areas must be relayed for
more than two months in clean water, then reanalysed or heat treated
before entering the market. Any area with bivalves having E. coli levels
exceeding 46,000 E. coli/100 g must not be subjected to production and
harvest for consumption is prohibited.

WHO rate members of the Enterobacteriaceae family as one of the
leading causative agents of foodborne infections, and also list these
species as part of the top three where there is a critical need for new
antimicrobials due to substantial emergence of AMR (WHO, 2017).
Especially E. coli receives considerable attention as it cause a large
burden of disease (ECDC and WHO, 2022) and show rapid development
of resistance to ESC, fluoroquinolones, carbapenems and colistin (EFSA,
2016). Norway is a country with restricted use of antimicrobials in
human and veterinary medicine and annual surveillance show low levels
of antimicrobial resistance compared to most other European countries
(NORM/NORM-VET 2020 and 2021).

The global seafood consumption is increasing, and this is especially
pronounced for raw or semi-raw delicacies such as scallops and oysters.
Any seafood product containing bacteria resistant to antimicrobials
represents a potential of transfer to humans during food handling and
preparation, or directly through consumption. Thus, the objective of this
study was to describe and assess the association between the occurrence
of AMR in E. coli in marine bivalves and the concentration of E. coli, as
well as the harvest locations and time of sampling. Samples were
collected through the EU imposed Norwegian surveillance programme
for bivalve molluscs and examined through the Norwegian surveillance
programme on AMR in the veterinary sector (NORM-VET). To the best of
our knowledge, this work is the first to document resistance patterns
among E. coli in marine bivalves from a whole-year coastal-wide
sampling.
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2. Material and methods

2.1. Sampling

Samples in this study were obtained from the Norwegian surveillance
programme for monitoring E. coli in marine bivalves in 2016 (Duinker
et al., 2017; European Commission, 2004). The bivalve collection
comprised 390 batch samples collected at 59 farmed bivalve production
or harvest locations, scattered along the Norwegian coast where pro-
duction occur (Fig. 1). The number of examined batch samples from
each location varied between one and 19 samples, with a median of six.
The examined species included 312 batch samples of blue mussels
(Mytilus edulis), 38 batch samples of flat oysters (Ostrea edulis), 26 batch
samples of great scallops (Pecten maximus), six batch samples of northern
horse mussels (Modiolus modiolus), three batch samples of pacific oysters
(Crassostrea gigas), three batch samples of ocean quahogs (Arctica
islandica), and two batch samples of soft-shell clams (Mya arenaria).

2.2. E. coli quantification

All samples were quantitatively assessed for E. coli applying the
standard Most Probable Number (MPN) method providing concentra-
tions as MPN/100 g (ISO 16649-3, 2005) under the auspices of the
Norwegian surveillance programme for monitoring E. coli in marine
bivalves (Duinker et al., 2017). The limit of quantification was 18 E. coli/
100 g.

2.3. Qualitative non-selective and selective isolation of E. coli

The methods used for isolation of E. coli and screening of specific
resistances, as well as the susceptibility testing, were performed with the
qualitative methods used for the routine monitoring of resistance in food
and animals as performed in NORM-VET (NORM/NORM-VET 2016,
2017). In short, 25 g of bivalve soft tissue and mantel water (10-15
individuals) were homogenised (2 min) prior to the addition of 225 ml of
buffered peptone water (bioMérieux Marcy-I'Etoile, France) followed by
a new round of homogenisation (30 s). The homogenate was enriched at
37 £ 1 °C for 20 + 2 h. After incubation, a loop-full (10 pl) from the
enrichment broth was transferred to the following plates to detect: 1)
E. coli on plain MacConkey agar (BD Biosciences, Le Pont de Claire,
France), 2) ESC-resistant E. coli on MacConkey agar with 1 ml/lcefo-
taxime and MacConkey agar with 2 mg/l ceftazidime, 3) QREC on
MacConkey agar with 0.06 mg/1 ciprofloxacin. All plates were incubated
at 44 + 0.5 °C for 20 + 2 h. Additionally, to detect carbapenem-resistant
E. coli, a loop-full (10 pl) from the enrichment was transferred to
CHROMID CARBA and CHROMID OXA-48 (bioMérieux) and incubated
at 37 £ 0.5 °C for 20 + 2 h. One randomly isolated E. coli from each
positive plate was grown into pure culture and stored in Microbank™
tubes (Pro-Lab Diagnostics, Toronto, Canada) at —80 °C.

2.4. Antimicrobial resistance testing

All obtained isolates were subjected to antimicrobial susceptibility
testing using a broth microdilution method obtaining minimum inhibi-
tory concentration (MIC) for 14 antimicrobial agents using plates from
Sensititre® (TREK Diagnostic Systems LTD, East Grinstead, United
Kingdom). The panel contained ampicillin, tetracycline, chloramphen-
icol, sulfamethoxazole, trimethoprim, gentamicin, nalidixic acid, cip-
rofloxacin, cefotaxime, ceftazidime, colistin, meropenem, azithromycin
and tigecycline. E. coli ATCC 25922 was used as susceptible quality
control strain, whereas resistant control strains included E. coli CCUG
37382, E. coli K8-1 (ESBL), E. coli K5-20 (AmpC), E. coli 2012-60-1176-
27 (mcr-1) and E. coli KP37 (mcr-2). Wild-type isolates were differenti-
ated from non-wild-type isolates according to EUCAST epidemiological
cut-off values (ECOFFs, accessed 07.08.2023) from the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) when
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Fig. 1. Locations along the Norwegian coast from where batch samples of marine bivalve molluscs were collected. All locations were included in the Norwegian
surveillance programme for E. coli in marine bivalves. The production sites are numbered 1-59 and classified according to the EU directive as: Class A: 80 % <230
E. coli/100 g and no samples >700 E. coli/100 g, Class B: 90 % < 4600 E. coli/100 g and 10 % < 46,000 E. coli/100 g, and Class C: > 46,000 E. coli.

available. Isolates categorised as non-wild-type are referred to as
resistant.

2.5. Genomic analyses

The ESC-resistant E. coli isolates were further characterized using
whole genome sequencing (WGS). For WGS, DNA was extracted using
QIAamp® DNA Mini Kit (QIAGEN, Hilden, Germany) and sequenced
using an Illumina® MiSeq (Illumina, San Diego, California, USA). The
sequence data were quality controlled by adapter and quality trimming
using Trimmomatic (Bolger et al., 2014), and assembled using SPAdes
v3.11.0 (Bankevich et al., 2012) using the “~careful” parameter and a
contigs cut-off of “500”. For the quality checking and assembly pro-
cedure, the Bifrost pipeline developed at the Norwegian Veterinary
Institute (NVI) was applied (doi:https://doi.org/10.5281/zenodo.
4043861). Assemblies or paired end reads were subjected to analysis
using ResFinder V.4.1 for both acquired genes and chromosomal point
mutations using the online tool at the Centre for Genomic Epidemiology
web site (accessed 07.03.2023, https://cge.cbs.dtu.dk/services/R
esFinder/). The reads were further subjected for multi-locus sequence
typing (MLST) and virulence gene detection using the MLST software
with PubMLST typing schemes (https://github.com/tseemann/mlst)
and the Virulence Finder v.1.0.0 pipeline (Joensen et al., 2014; Malberg
Tetzschner et al., 2020), respectively. Both pipelines have been imple-
mented on NVIs IRIDA platform (www.irida.ca). The reads are deposited
to the European Nucleotide Archive (ENA) under study accession
number PRJEB65091 (submission in progress).

2.6. Data sources and data management

Data and susceptibility test results on E. coli from bivalve samples
from the NORM-VET programme 2016, were extracted from the internal

recording system of the Norwegian Veterinary Institute and merged with
the corresponding Norwegian surveillance programme for monitoring
E. coli in marine bivalves’ data from the internal recording system of the
Institute of Marine Research. The latter including data on concentration
of E. coli (MPN/100 g) and geographical locations of the sampled harvest
locations. Data management was performed in R version 3.4.2 (R Cor-
eTeam, 2019) and SAS SAS-PC system version 9.4 for Windows (SAS
Institute inc., Cary, NC, USA).

2.7. Statistical analyses

Statistical analysis was performed in SAS-PC System® v 9.4 for
Windows (SAS Institute Inc., Cary, NC, USA). The 95 % confidence in-
tervals were calculated by the exact binomial test using R version 3.6.1
for Windows (R Development Core Team, 2019).

The Odds Ratio (OR) of detecting ESC-resistant E. coli and QREC in
bivalves with concentrations of E. coli above the Class A threshold (>
230 MPN/100 g) was calculated by contingency tables and Fisher’s
exact test performed in GraphPad Prism 9.1.1 (©1992-2021 Graph Pad
Software, LLC).

We used SaTScan v 9.6 (SatScan.org) and performed a retrospective
Space and Space-Time analysis scanning for clusters with high rates
using the Bernoulli model (Kulldorff, 1997) to analyse for solely spatial
or spatio-temporal clustering of the occurrence of ESC-resistant E. coli
and QREC, respectively. The spatial window allowed a maximum spatial
size of clusters to include 20 % of the population at risk and the window
shape elliptic was chosen. For the temporal window, the time aggrega-
tion unit was set to month with a length of one. The default settings were
used for the rest of the parameters. Identified spatial or spatio-temporal
clusters with P-value below 0.05 were considered statistically
significant.
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3. Results
3.1. Detection and quantification of E. coli

Among the 390 examined bivalve samples, E. coli was detected by the
qualititative method in 261 samples (67 %). By the the quantitative
method, 209 (54 %) samples contained E. coli, whereas only 58 (15 %) of
the samples had concentrations of E. coli above the Class A threshold
(>230 E. coli/100 g) (Supplementary Table 1). The highest median
values among the samples were detected during January, July, August,
September and December (Fig. 2). The highest detected concentration
was 18,000 MPN/100 g.

3.2. Occurrence of antimicrobial resistant E. coli

In total, 91.6 % [95 % CI: 87.5-94.6] of the 261 E. coli isolates, ob-
tained through the non-selective method used in NORM-VET, were
susceptible to all assessed antimicrobial classes. Altogether, 4.2 % [95 %
CI: 2.1-7.4] of the isolates were resistant to one antimicrobial class, 2.7
% [95 % CI: 1.1-5.4] to two, 0.8 % [95 % CI: 0.1-2.7] to three or more
antimicrobial classes as presented in Fig. 3. Resistance to tetracycline
(5.7 %) was most frequently observed, followed by resistance to ampi-
cillin (4.6 %) and sulfamethoxazole (3.1 %) (Supplementary Table 2).
None of these E. coli isolates [95 % CI: 0.0-1.4 %] were resistant to
cephalosporins, whereas quinolone resistance was identified in 0.8 %
[95 % CI: 0.1-2.7] of the isolates.

3.3. Occurrence of and genetic profiles of the ESC-resistant E. coli and
QREC

By selective screening, ESC-resistant E. coli were detected in 13 of the
390 samples (3.3 % [95 % CI: 1.8-5.6 %]) (Table 1). One isolate showed
resistance due to the n.-42C > T mutation in the promoter and attenu-
ator regions for the chromosomally located AmpC gene. Nine isolates
showed resistance due to the plasmid encoded resistance gene blacrx-m-
15. Two of these isolates carried additionally blacyy.42 and three addi-
tionally carried blatgy.1s. Two isolates showed resistance due to the
plasmid encoded resistance gene blacrx.m.3 Where one of them also
carried the blargy.1p gene. The last isolate carried the gene blacrx-m.1
gene together with a blargv.210 gene. None of the isolates showed
resistance to meropenem.

In total 50 QREC (12.8 % [95 % CI: 9.6-16.5 %]) were detected
through selective screening of the 390 samples. Among these isolates, 16
were only resistant to quinolones (32.0 %), whereas 12 were resistant to

MPN/100g

Sampling month

Fig. 2. Median values with range of MPN/100 g E. coli in marine bivalves. N
= 390.
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Fig. 3. Distribution of the 261 E. coli isolates originating from bivalves that
showed resistance to none, one, two or three or more classes of antimicrobials.

one additional antimicrobial class (24.0 %, mainly ampicillin). The
remaining 22 isolates were resistant to two more additional antimicro-
bial classes (44.0 %, mainly to ampicillin, sulfamethoxazole, trimetho-
prim, and tetracycline). Five of these QREC isolates showed additional
resistance to ESCs, and for four of them, this was due to presence of
blacrx-m-15, where two of the isolates also harboured blacyy.42. The last
isolate was not subjected to WGS and ESC-resistant mechanisms was not
detected by PCR. This isolate had a cefotaxime MIC of 0.5 pg/ml and
ceftazidime MIC of <0.5 pg/ml, and was therefore regarded as sensitive.

Genomic analysis of the 17 confirmed ESC-resistant isolates from
selective screening for both ESC-resistant E. coli and QREC, showed that
isolates originating from the same sample were identical in terms of
sequence type (ST) (Table 1) and identified virulence genes (Supple-
mentary Table 3). In two samples sampled at the same time from loca-
tions relatively close, the isolates also appeared similar. The other
isolates from different samples had all unique STs. Two isolates
belonged to the high-risk clone ST131.

In-depth analysis of virulence genes is beyond the scope of this study.
However, it is worth mentioning that four isolates carried a senB gene
encoding the Shigella enterotoxin 2 (ShET2) and two other isolates
carried an astA gene encoding an enteroaggregative heat-stable toxin
(Supplementary Table 3).

3.4. Correlations between the occurrence of antimicrobial resistant E. coli,
and E. coli concentrations, harvest locations and time of sampling

Eight of the 13 ESC-resistant E. coli isolates and 26 of the 50 QREC
isolates were detected in bivalves with levels of E. coli above the Class A
threshold. This shows a correlation between elevated concentrations of
E. coli and the detection of ESC-resistant E. coli or QREC, with OR of
10.23 (p < 0.0001) and 10 (p < 0.0001), respectively.

No significant spatial or spatio-temporal clusters of ESC-resistant
E. coli were detected. A significant (p = 0.013) spatial cluster of QREC
was detected including the harvest locations 27, 38, 39, 40, 41, 42, 43,
44 and 45. The proportion of QREC within this area was 34.0 %
constituting a relative risk of 3.17 to detect QREC within this cluster as
compared to outside this cluster. The median concentrations of E. coli
were 300 MPN/100 g (n = 23) within this cluster and 20 MPN/100 g (n
= 377) outside of the cluster, and the OR for samples to be categorised as
Class B were 11.42.

3.5. Bivalves intended for raw or lightly processed consumption

Among the 26 batch samples of great scallops, 12 were positive for
E. coli. All samples were categorised as Class A. One of these samples was
positive for ESC-resistant E. coli and one was positive for both ESC-
resistant E. coli and QREC (Table 1). A third sample was positive for
QREC without any other resistance traits detected (Supplementary
Table 2).

A total of 23 of the 38 batch samples of flat oysters were positive for
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Table 1

International Journal of Food Microbiology 407 (2023) 110422

Overview of ESC-resistant E. coli organised according to classification by E. coli concentrations, and including information about species, location, sampling month,
detection method, MLST profile, phenotypic resistance profile, acquired genes and genes with point mutations explaining their ESC resistance.

Class  MPN/ Species Location ~ Month Detection =~ MLST  Phenotype Acquired genes Point mutations Sample ID
100g
A <18 Great 50 April ESC 131 AMP, CTX, CFT, CIP, NAL blacrx-mas + 2016-538
scallops blatgm-as
<18 Blue 41 October ESC 5041 AMP, CTX, CFT blacrx.ma + 2016-1647
mussels blatgm.o10
68 Flat oysters 6 August ESC 201 AMP, CTX, CFT ampC promoter n.- 2016-1242
42C>T*
110 Great 7 September  ESC 38 AMP, CTX, CFT, SMX, TMP, blacrx-m1s 2016-1423
scallops CIP, NAL
QREC 38 AMP, CTX, CFT, SMX, TMP, blacrxm-1s
CIP, NAL
130 Ocean 14 February ESC 3268 TET, AMP, CTX, CFT, CIP blacrxm1s 2016-147
quahog
B 310 Blue 19 May ESC 120 CHL, AMP, CTX, SMX, TMP blacrxms + 2016-878
mussels blartgm.1s
330 Blue 45 January ESC 1193 TET, AMP, CTX, CFT, SMX, blacrxmas + 2016-65
mussels TMP, CIP, NAL blargmap
460 Blue 39 April ESC 925 AMP, CTX, CFT blacrx-m.3 + 2016-563
mussels blargn.3
490 Blue 44 April ESC 617 TET, AMP, CTX, CFT, SMX, blacrx-mas + 2016-565
mussels TMP, CIP, NAL blacyy.42
QREC 617 TET, AMP, CTX, CFT, SMX, blacrx-mas +
TMP, CIP, NAL blacyy-42
790 Blue 17 August ESC 43 AMP, CTX, CFT, SMX, TMP, blacrx.m.15 2016-1240
mussels CIP, NAL
QREC 43 AMP, CTX, CFT, SMX, TMP, blacrx-m-1s
CIP, NAL
790 Blue 29 September ESC 131 AMP, CTX, CFT, SMX, TMP, blacrx-mas + 2016-1397
mussels CIP, NAL blargm.1
1300 Blue 41 April ESC 617 TET, AMP, CTX, CFT, SMX, blacrx-mas + 2016-566
mussels TMP, CIP, NAL blacyy.a2
QREC 617 TET, AMP, CTX, CFT, SMX, blacrx.mas +
TMP, CIP, NAL blacyy-42
C >18,000 Flat oysters 11 August ESC 8207 AMP, CTX, CFT, CIP blacrx-m1s 2016-1329

TET: tetracycline, AMP: ampicillin, CTX: cefotaxime, CFT: ceftazidime, SMX: sulfamethoxazole, TMP: trimethoprim, CIP: ciprofloxacin, NAL: nalidixic acid, ND: no

data.

@ Overexpression of chromosomally located ampC due to mutation in the promoter and attenuator regions.

E. coli, where 18 categorised into Class A, four within Class B, and one in
Class C. One of the Class A samples of flat oysters was positive for ESC-
resistant E. coli, whereas another was positive for QREC. The Class C
sample of flat oysters contained extremely high levels of E. coli (>18,000
MPN/100 g) and harboured both ESC-resistant E. coli and QREC
(Table 1). The E. coli isolates from this sample were likely three different
strains as their phenotypic resistance profiles differed. The QREC
expressed additional resistance to tetracycline, chloramphenicol,
ampicillin, sulfamethoxazole and nalidixic acid, but did not show
resistance towards any of the ESCs. The ESC-resistant isolate expressed
only additional resistance to ciprofloxacin and harboured the blacrx.m-15
and qnrS1 genes. The E. coli isolate from the non-selective method was
fully susceptible to all antimicrobials tested for.

4. Discussion

Overall, we detected a low prevalence of AMR in marine bivalves.
We found that both ESC-resistant E. coli (3.3 %) and QREC (12.8 %)
could be detected, however only in low frequencies and mainly by se-
lective methods. Among the 261 E. coli detected by a non-selective
method, only 0.8 % were resistant to quinolones, and none to ESC.
Grevskott et al. (2017) examined marine bivalves from similar harvest
areas and found E. coli resistant to ESC among ~2 % and to quinolones
among ~1 % of the samples examined by the standardized MPN-method
(n = 549). In Portugal, E. coli resistant to ESC was detected in ~1 % of
marine bivalve samples (n = 522) (Freire et al., 2023). Many other
studies have reported findings of ESC-resistant E. coli and QREC from
marine bivalves, such as in Venus Clams from Italy (Vignaroli et al.,
2016) and Kuwait (Al-Sarawi et al., 2018), and bivalves from Brazil and

the United States of America (Miotto et al., 2019). However, differences
in study design, enrichment methodology and especially how many
isolates picked from the same sample, makes it difficult to compare the
results, underpinning the importance of separate protocols when
monitoring AMR (Apostolakos et al., 2020). Also, geographical differ-
ences is expected as occurrence in bivalves is depending on levels of
contamination in the nearby marine environment.

In the present study, a spatial cluster effect was identified for QREC
for one geographical area with high marine bivalve production. E. coli
might reach the marine environment through several routes, such as
run-offs from land and faecal droppings from birds and marine mam-
mals, and previous studies have demonstrated that bivalves can harbour
E. coli from multiple sources, including human phylotypes (Vignaroli
et al.,, 2016) and strains with MLST-profiles similar to isolates from
human infections (Grevskott et al., 2017).

Given the low numbers of ESC-resistant E. coli in the present study,
any harvest area cluster effect could not be detected. However, the
majority of the ESC-resistant E. coli isolates carried the plasmid medi-
ated blacrx.m-15 gene, though belonging to several different STs. The
blacrx-M-15 gene has previously been described as the predominant CTX-
M type in ESC-resistant E. coli causing human infections in Norway
(Gladstone et al., 2021). This was also indicated by Grevskott et al.
investigating sewage in the Bergen city area (Grevskott et al., 2021). The
blacrx.m.15 gene has also been detected in ESC-resistant E. coli from
animals in Norway, both in clinical isolates from dogs and cats and in
isolates from healthy production animals, i.e. from turkey in 2022
(NORM/NORM-VET 2022, in press) and pigs during 2017-2021
(NORM/NORM-VET 2021), indicating that both animals and humans
must be regarded as possible original sources for the bivalve
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contamination. The pig isolates did, however, belong to other STs (i.e.
ST10, ST 58 and ST164) than the bivalve isolates. Furthermore, one of
the blacrx.m.15 bivalve isolates, belonged to ST38, a ST found to be
dominating among ESC-resistant E. coli in broilers in Norway (Mo et al.,
2023). In contrast to the ST38 isolates in the present study, Mo et al.
showed that the ESC resistance in the Norwegian ST38 broiler isolates
was due to presence of the blacyy.2 gene, indicating other sources than
broilers for the occurrence of ST38 in bivalves in the present study.
However, the overall occurrence of ESC-resistant E. coli due to plasmid-
mediated genes is still very low in Norway with <5 % in healthy carriers
(Ulstad et al., 2016), 5.8 % (blood) and 3.1 % (urine) in clinical human
samples, and < 2 % in pigs (NORM/NORM-VET 2020, 2021; NORM/
NORM-VET 2021, 2022).

No temporal correlation for detection of ESC-resistant E. coli or QREC
could be shown in the present study. However, an increased detection
rate of ESC-resistant E. coli and QREC was seen for samples with elevated
concentrations of E. coli, and thus months with higher median concen-
trations, such as July, August and September, as well as December and
January, should have increased attention. This corresponds well with
the study of Lunestad et al., summarising data from 2007 to 2012 from
the same surveillance programme, where elevated concentrations of
E. coli in bivalves were found in June, July, October and also in
December (Lunestad et al., 2015). In Italy, the late summer months were
found to be associated with low levels of E. coli in bivalves, while
elevated levels were found in February (Vignaroli et al., 2016). This
support that geography and climate differences are important factors
influencing the E. coli concentrations in bivalves. Other factors, such as
sea current, bacterial distribution and dilution (Rees et al., 2015), as
well as bivalve digestion and decomposition rates, which are found to
both retain (Ottaviani et al., 2015) and eliminate bacteria (Suzuki et al.,
2018), will impact how long the E. coli would sustain in the bivalves.
These are all factors that might influence and contribute to the expla-
nation of the observed cluster effect.

The anatomical and physiological differences between different
bivalve species might also impact on how long the bacteria are retained.
Blue mussels are found in the tidal zone, whereas flat oysters and scal-
lops spend most of their time on the sea bed (Hovgaard et al., 2001).
Furthermore, how these species are prepared is also important when
assessing their risk as pathogenic vehicles. Unlike blue mussels, which
are prepared by high temperature steaming, scallops are opened by
hand, and the muscle and row is eaten raw or lightly preserved, without
any heat treatment. Oysters are opened by hand as well, and in most
cases, the whole soft tissue, including the digestive gland, is eaten raw.
In total seven out of 64 (11 %) of the examined samples of great scallops
and flat oysters contained either ESC-resistant E. coli, QREC or both, and
five (8 %) of these samples were classified as Class A and cleared for sale
without any additional depuration and entering the food chain
contaminated.

Noteworthy, two isolates belonged to ST131 (Table 1), where one
originated from a sample of great scallops with no quantifiable levels of
E. coli and hence cleared for sale (2016-538). The ST 131 is known as a
global spread high-risk clone causing infections in humans (Stoesser
et al., 2016). Furthermore, the ST131 isolates carried a plasmid born
senB (Supplementary Table 3) gene encoding the Shigella enterotoxin 2
protein (ShET2) attributed to cause watery diarrhoea in infections
caused by Enteroinvasive E. coli (EIEC) (Bona et al., 2019; Pakbin et al.,
2021). Another isolate, belonging to ST201, carried an astA gene
encoding an enteroaggregative heat-stable toxin (EAST1) that is asso-
ciated with several enteric pathogenic E. coli (Pakbin 2021). This isolate
was detected from a sample of flat oysters (2016-1242). As for the ST131
isolates, the ST201 isolate was detected from a class A categorised
sample with low levels of E. coli. The astA gene was also detected in an
ST 8207 isolate that was detected from a sample of flat oysters with
extreme numbers of E. coli (> 18,000 MPN/100 g) (2016-1329).
Consequently, bivalves from this area could only be sold after purifi-
cation in clean water for at least two months, before performing
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reanalysis or sufficient heat treatment.

Any person handling scallops containing ESC-resistant E. coli or
QREC would be at risk to be exposed to these bacteria. There is a well-
documented increased risk of virus infections after ingestion of under-
cooked bivalves (Elbashir et al., 2018), and the presence of any ESC-
resistant E. coli or QREC adds to the challenge of ensuring food safety
of such raw or lightly preserved delicacies.

5. Conclusion

Overall, this study showed that there is a low prevalence of AMR
E. coli in marine bivalves in Norway, with indications that both
geographical factors and increased concentrations of E. coli have an ef-
fect on detection of ESC-resistant E. coli or QREC. Still, ESC-resistant
E. coli isolates linked to human and animal infeciontions could be
found in bivalves cleared for sale without the need for any depuration or
heat treatment, including great scallops and flat oysters. These bivalves
are often consumed raw or only lightly processed, thereby constituting
an increased risk for transmission of AMR and pathogenic E. coli to
humans.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2023.110422.
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